Background. Recently introduced high-efficiency (HE) SPECT cameras with solid-state CZT detectors have been shown to decrease imaging time and reduce radiation exposure to patients. An automated, computer-derived quantification of HE MPI has been shown to correlate well with coronary angiography on one HE SPECT camera system (D-SPECT), but has not been compared to visual interpretation on any of the HE SPECT platforms.
INTRODUCTION
Recently introduced high-efficiency cadmium zinc telluride (CZT) camera systems with novel collimation methods have helped overcome historical limitations of myocardial perfusion imaging (MPI) by significantly shortening image acquisition times and reducing administered activity. 1 In parallel, methods for automated, quantification of MPI studies have been developed to modernize and improve the reliability and reproducibility of MPI. 2 These techniques have been studied in recent years demonstrating reproducibility, 3 favorable comparison to visual interpretation, 2, 4 good correlation with coronary angiography, [5] [6] [7] [8] and the ability to predict cardiac events. 9 The two commercially available CZT SPECT cameras, D-SPECT (Spectrum Dynamics, Caesarea, Israel) and Discovery NM 530c (GE Healthcare, Haifa, Israel), 10 have been validated by comparison to conventional SPECT using standard radiopharmaceutical activity [11] [12] [13] [14] [15] [16] [17] as well as lower administered activity. [18] [19] [20] There have now been four published studies correlating conventional administered activity CZT SPECT MPI to invasive coronary angiography, 5, 16, 21, 22 and two studies addressing the accuracy of low administered activity CZT SPECT MPI. 23, 24 One of these compared automated computer analysis to coronary angiography with good results and is the only implementation of automated quantification applied to CZT SPECT (D-SPECT camera) to date. 5 However, to date no study has examined the automated quantification of data from the GE Discovery camera, which has a unique collimation and reconstruction system based on a multipinhole design.
The objective of this study was to evaluate the applicability of the automated perfusion analysis based on normal limits to this new type of device and examine the agreement of automated assessment of CZT SPECT MPI with standard visual interpretation and invasive coronary angiography in an unselected clinical population. Furthermore, we sought to evaluate the value of combined supine-prone automated and visual analysis for this new device. 4, 6 
METHODS

Study Design
In a study protocol approved by our institutional IRB, we retrospectively evaluated all patients who presented to the Mount Sinai Non-Invasive Cardiology Laboratory over a 1-year period (June 2009 to May 2010) for a clinically indicated Tc-99m sestamibi SPECT MPI stress test using a CZT camera (GE Discovery NM 530c). 1, 13 Patients who then underwent an invasive coronary angiogram within 2 months after the MPI were identified. Patients with a history of coronary artery bypass grafting (CABG) surgery were excluded. A subset of patients without known coronary artery disease (CAD), without a history of percutaneous coronary intervention (PCI), and without decreased left ventricular function (EF \ 50%) was also analyzed.
Imaging and Stress Protocol
Standard imaging protocols as endorsed by the American Society of Nuclear Cardiology (ASNC) were used for all patients. 25 A rest-stress or stress-first imaging sequence was employed using Tc-99m sestamibi. If stress-first images demonstrated normal perfusion and normal left ventricular function, rest imaging was not performed. The lower radiopharmaceutical dose imaging time was 5 minutes and the higher radiopharmaceutical dose imaging time was 3 minutes. Image acquisition began 30-60 minutes after tracer injection. All supine stress images were gated. Post-stress left ventricular ejection fraction (EF) was determined using commercial software (QGS, Cedars-Sinai, Los Angeles, CA). Both supine and prone stress images were acquired in all patients when physically possible for the patient to do so. Prone imaging time was the same as the supine imaging time (3 or 5 minutes) but gating was not performed. Rest images were acquired in the supine position.
Standard exercise and pharmacologic protocols as endorsed by ASNC were used for all patients. 26, 27 Radiopharmaceutical activity was weight based and dependent on the protocol performed. For a standard 1-day rest-stress Tc-99m protocol, the rest administered activity was 185-370 MBq (5-10 mCi) based on three weight groups (\200, 200-250, [250 lbs) and the stress administered activity was 555-1,110 MBq (15-30 mCi) based on the same weight ranges. The stress-first Tc-99m protocol employed a low stress administered activity of 462.5 MBq (12.5 mCi) if the weight was \200 lbs and 925-1,110 MBq (25-30 mCi) if the weight was [200 lbs. If needed the rest administered activity for a 1-day stress-rest Tc-99m protocol was 925-1,110 MBq (25-30 mCi) if the weight was\200 lbs and became a 2-day stressrest Tc-99m protocol if the weight was [200 lbs with a rest administered activity of 925-1,110 MBq (25-30 mCi).
End Points
Patient demographics, stress test variables, and administered activity were prospectively collected at the time of stress testing in the Nuclear Cardiology Database. Pretest risk of coronary disease was based on the ACC/AHA scoring system which utilizes age, gender, and presenting symptom. 28 Both chest pain and shortness of breath were considered anginal equivalents for the purposes of the scoring system. Visual analysis. MPI studies were read by consensus opinion by two board certified nuclear cardiologists (WLD, LBC, or MJH) who were blinded to clinical information, stress test results, and the results of the coronary angiogram. Quantitative perfusion scoring of the rest and stress (supine and prone) images was performed using a 17 segment model and a five-point scale (0 = normal, 1 = mild, 2 = moderate, 3 = severe, 4 = absent). 29 A combined stress score was also calculated from the aggregate supine and prone reads. In this process, perfusion defects present in the stress prone images which were not present in the stress supine images (and vice versa) were routinely considered to be artifactual. The visual percent of abnormal myocardium was calculated by dividing the summed rest or stress score by 68 and multiplying by 100. 12 Gated SPECT images, left ventricular volumes, and EF were available during the visual assessment of myocardial perfusion.
Creation of normal limits. For generation of normal limits of perfusion by CZT SPECT using the GE Discovery camera, a group of males and females with very low (\5%) or low (\10%) pretest risk of coronary disease and a normal resting ECG who exercised to C85% of their predicted maximal heart rate with a negative ECG response were selected for the normal reference database. Pretest risk of coronary disease was based on the ACC/AHA scoring system. 28 None of the patients used for the creation of normal limits were included in the angiogram cohort. In addition, as per previous practice in generating normal limits, the patients had normal stress and rest images by visual assessment of supine and prone images (visual summed score\3) and normal left ventricular function by gated images. 2 Quantitative analysis. Stress supine and prone images were quantified separately using their respective supine and prone normal limits. 2 Rest images were quantified using the rest normal limits. Automatically generated myocardial contours were evaluated by an experienced technologist blinded to all results, and when necessary, contours were adjusted to correspond to the myocardium. The quantitative perfusion endpoint used was the total perfusion deficit (TPD), which reflects a combination of both the defect severity and the extent of the defect in one parameter. 2 It has been previously shown that a higher accuracy can be achieved by combining supine and prone images than with supine images alone for the detection of CAD using conventional SPECT by computing combined TPD (C-TPD).
6 C-TPD is calculated by limiting the TPD computation from the prone polar map to pixels which have been quantified as abnormal on supine images (mean absolute deviation [3.0). The same threshold is subsequently used for prone images but only in locations determined abnormal on supine images. In addition, as previously established in males, defects in the anterior wall on supine images were considered regardless of the prone image findings, and defects in the inferior wall on prone images were considered regardless of the supine findings. 6 The C-TPD parameter is then established for this combined analysis-analogous to the TPD derivation on standard supine images.
All quantitative analysis was performed in batch mode of de-identified data by a technologist blinded to any clinical or angiographic results.
The ischemic burden was determined by calculating the summed difference scores and TPD. For the automated quantification, a supine difference TPD was derived from the supine TPD -the rest TPD while the combined attenuation difference TPD was calculated by subtracting the rest TPD from the combined supine and prone TPD. For the visual quantification, a supine difference score and a combined difference score were calculated in a similar fashion.
Coronary angiography analysis. Coronary angiograms were read visually by a board certified interventional cardiologist (JMS) blinded to the results of the MPI study. The presence of obstructive epicardial CAD was defined as C70% luminal narrowing in the three epicardial vessels [left anterior descending (LAD), left circumflex (LCx), and right coronary (RCA)] and/or C50% stenosis of the left main. The presence of myocardial bridges, collateral vessels, and coronary anomalies was also noted.
Statistics
Continuous variables are presented as mean ± SD. Comparisons among continuous variables were done using twotailed Student's t tests. v 2 tests were used to compare categorical variables. A P value of \.05 was considered significant. Receiver operator curves (ROC) curves were generated comparing stress TPD from automated quantification or visual summed stress scores to obstructive coronary disease on angiography. Cutoff values for TPD for the automated quantification, summed stress scores for the visual reads, and difference TPD and scores were determined from the intersection of the sensitivity and specificity curves graphed by quantification value in the entire cohort of patients to maximize both sensitivity and specificity. Sensitivity, specificity, positive and negative predictive values, and accuracy for the prediction of obstructive CAD were obtained from these curves. Areas under the curve were compared using the Delong Delong Clarke-Person method (Analyse-it 2.2). Sensitivities and specificities were compared using McNemar's test (Stata 12.1). Agreement between percent abnormal myocardium and TPD was analyzed using linear regression and Pearson's r correlation coefficient (GraphPad Prism 4). Other statistical analysis was performed using GraphPad Instat 3.1 and SPSS 19.
RESULTS
Demographics
A total of 4,291 patients presented to the Mount Sinai Non-Invasive Stress Laboratory for a stress test over this 1-year period with 3,111 undergoing stress MPI on the CZT camera ( Figure 1 ). A total of 160 patients without a history of CABG surgery subsequently underwent invasive coronary angiography within a 2-month period of their Tc-99m MPI study, and 59 of them had no known history of CAD and normal left ventricular function.
The characteristics of all the patients from the time period and those who underwent angiography are found in Tables 1 and 2 . In the angiogram cohort, the mean age was 63.6 ± 10.3 years old with a majority (66.3%) being male. The average BMI was 28.3 kg/m 2 and the majority (84%) of patients were intermediate or high ACC/AHA pretest risk and the angiogram cohort had a greater proportion of cardiac risk factors. In the overall cohort, 69.8% had normal perfusion which decreased to 18.8% in the angiogram group. The angiogram group had fewer stress-only studies and more rest-stress or stress-rest studies as would be expected with the high rate of abnormal perfusion results.
Angiogram Results
One hundred and sixty patients underwent invasive coronary angiography within 2 months of their Tc-99m CZT SPECT MPI without a history of CABG surgery. Patients had their angiograms on average 13.8 ± 15.5 days after their stress MPI. Coronary angiography was normal in 12% of patients, nonobstructive CAD was (Table 3) . Single vessel disease was the most common finding in patients with obstructive coronary disease. All three patients with left main stenosis C50% also had obstruction of C70% in at least one of the other three vessels (LAD, LCx, or RCA). Angiogram characteristics of the subgroup of 59 patients who had no known CAD and normal left ventricular function are also shown in Table 3 .
Automated Quantification and Visual Reads
For generation of normal limits of perfusion, stress normal limits employed a group of 30 males and 48 females and rest normal limits used 24 males and 20 females. All subjects had very low (\5%) or low (\10%) pretest risk of coronary disease and a normal resting ECG and exercised to C85% of their predicted maximal heart rate with a negative ECG response and normal myocardial perfusion and left ventricular function by gated images. The demographics of these normals can be found in Table 4 and the quantification pattern of supine and prone stress images can be seen in Figure 2 .
The supine-only visual reads were compared to automated interpretation in all 160 patients who underwent coronary angiography. The ROC area under the curve (AUC) was similar for both assessment methods at 0.693 for the visual reads and 0.692 for the automated computer reads (P = .96). The supine images were also compared in the subgroup of 59 patients without known CAD and normal left ventricular function again with similar ROC AUC of 0.740 for the visual reads and 0.717 for the computer analysis (P = .75).
The combined supine and prone visual reads were compared to automated interpretation in the overall cohort which was reduced to 133 subjects as 27 subjects did not have prone images to include in the analysis. There was no difference between the visual and automated quantification with an ROC AUC of 0.725 for the visual reads and 0.743 for the automated computer reads (P = .63). The combined supine and prone images were also compared in the subgroup of 48 patients without known CAD and normal left ventricular function (11 subjects without prone imaging) with an ROC AUC of 0.820 for the visual reads and 0.781 for the computer analysis (P = .56). The ROC AUC improved with the addition of prone images to supine images for both visual and automated assessment methods in the angiogram cohort and in those selected patients without known CAD and normal left ventricular function. There was a non-significant trend in improvement moving from supine to supineprone combined images in the full angiogram (P = .13) and selected (P = .20) visual cohorts and in the selected automated patients (P = .32). However, it reached statistical significance (P = .014) in the full angiogram cohort with automated quantification.
Thresholds for stress perfusion defects and ischemic burden were determined from analysis of the sensitivity and specificity curves and chosen to maximize both sensitivity and specificity (Table 5) . A threshold of a TPD of C4% for the supine computer quantification and C3% for the combined supine and prone automated quantification were used. While a cutoff of a supine stress score [8 and combined stress score [4 were derived from the curves, the traditional summed stress score of [3 was used to define abnormal for visual interpretation. With these thresholds applied to the supine and combined scores, the automated reads showed higher specificity (59%-67% vs 27%-60%, P \ .001) and lower sensitivity (71%-72% vs 79%-93%, P \ .001) than the visual reads. By including prone images sensitivity decreased slightly but specificity increased for both techniques (P = NS comparing automated to visual reads). Automated quantification of supine images resulted in a sensitivity of 72% and specificity of 59% which changed to 71% and 67% with the addition of prone images. Visual interpretation found a sensitivity of 93% and specificity of 27% which changed to 79% and 60% with the addition of prone images. The exclusion of patients with known CAD and abnormal left ventricular function resulted in similar sensitivities but higher specificities for both assessment techniques (P = NS comparing automated to visual reads).
An ischemic burden threshold of a TPD difference of C3.5% was used for the automated supine difference and C1.5% was used for the automated combined supine and prone difference. A threshold of C4 for the visual supine difference score and C1 for the combined difference score was used for visual quantification. For the automated quantification and visual interpretation of the entire angiogram cohort, the use of a difference score resulted in lower sensitivities but higher specificities ( Table 6 ). The selected cohort with no known CAD and normal left ventricular function had relatively few patients due to lack of rest imaging in all patients making the results difficult to interpret.
There was significant agreement between the visual interpretation and automated quantification in the entire cohort of 160 unselected patients (P \ .0001) (Figure 3) . Supine images had an r value of 0.76 which increased to 0.81 when combined supine and prone images were used. Bland-Altman analysis of the entire angiogram cohort using supine-only images found the bias to be -7.1 ± 6.7 and for the combined images the bias was -3.9 ± 5.6. The selected patients without known CAD and with normal left ventricular function also showed significant correlation (P \ .0001) with r values of 0.70 and 0.78 for supine and combined supine and prone images. Bland-Altman analysis of the selected patients using supine-only images found the bias to be -5.6 ± 6.4 and for the combined images the bias was -2.9 ± 5.4.
DISCUSSION
This investigation found that automated and visual CZT SPECT MPI quantification provides similar overall diagnostic accuracy based on ROC AUC when compared to coronary angiography. This is the first time that the two methods of quantification have been compared to each other with coronary angiography as the gold standard. The agreement between the automated and visual assessments was high with correlation coefficients of 0.76-0.81. Sensitivity which ranged from 64% to 93% was higher with visual reads in the entire supine-only group (P \ .001) but similar between methods in all other groups. Specificity which ranged from 27% to 85% improved significantly with the addition of prone imaging and was higher with automated quantification in the entire supine-only group (P \ .001) but similar between methods in all other groups. The incorporation of ischemic burden using summed difference scores improved specificity further in both cohorts. Previous study has shown that CZT image quality was superior to conventional SPECT, 18 diagnostic accuracy was non-inferior to conventional SPECT while imaging time was decreased, [12] [13] [14] and radiopharmaceutical activity can be reduced below conventional amounts. 19 There have also been a number of other published articles comparing CZT SPECT MPI to coronary angiography, [21] [22] [23] 30 but only one has used automated quantification software. 5 Sensitivity for the detection of obstructive epicardial disease was consistently high (87%-95%) and specificity varied from 37% to 86% depending on subject exclusion criteria, referral bias for coronary angiography, and prevalence of CAD (43%-83%) in the studied groups. The use of automated quantification with the D-SPECT camera in a select group of patients without known cardiac disease found excellent sensitivity (88%-94%) and good specificity (59%-86%) for detecting obstructive epicardial disease (C70% stenosis), both of which improved with the combination of upright and supine images for resolving imaging artifacts. 5 In this study, when patients with known CAD and reduced left ventricular function were excluded, the specificity of the automated quantification was similar to that found in the D-SPECT camera while the sensitivity was lower. This study is the first to demonstrate that blinded visual and automated quantification demonstrate similar overall accuracy based on ROC AUC analysis from comparison to coronary angiography. Previous study has already shown that the prognostic value of automated and visual analysis is similar. 9 Given these findings, it would be reasonable to advocate for the use of automated quantification as an independent validation of clinical reading to ''double check'' the accuracy of clinical interpretation. Given the strong correlation of the visual and automated quantification of the stress images seen in this study, the use of automated quantification may help facilitate greater use of stressonly protocols. Automated quantification could also be used as an independent standard in clinical trials.
In regards to the GE Discovery 530c CZT SPECT camera, the addition of prone imaging to supine-only imaging greatly improved specificity and ROC AUC for both visual and automated analysis to the extent that it should be standard practice. The use of rest images and a difference TPD score also improved specificity as would be expected given rest images ability to identify attenuation artifact. The incorporation of gated data into automated quantification would also be expected to improve specificity further. The GE CZT SPECT camera does not provide a true raw rotating image to provide clues to the reader about attenuation artifacts such as overlying breast tissue or elevated hemidiaphragms and may therefore be more dependent on attenuation correction with CT attenuation maps or attenuation reduction with prone imaging. This method of resolving artifacts, including attenuation artifacts, has already been shown to be beneficial by automated quantification in conventional and CZT SPECT imaging.
5,6
LIMITATIONS
The study is limited by the single site clinical experience and relatively small sample size. Coronary angiograms were performed for clinical indications on select patients and not uniformly on all patients. While performing angiograms on all patients undergoing MPI may have been possible in the past, the use of stress MPI as a clinical ''gatekeeper'' to the catheterization laboratory means that most patients referred for angiography have abnormal myocardial perfusion. This ''referral bias'' which results in a selection bias for the determination of true sensitivity and specificity typically results in decreased specificity. Previous study with this CZT SPECT camera has shown an excellent normalcy rate of 97%. 21 As small changes in the thresholds can greatly affect sensitivity and specificity, more patients may need to be analyzed to define appropriate quantification cutoffs with this new camera system. Different cutoffs may also be chosen if the automated quantification is being done to maximize sensitivity or specificity for a particular patient.
CONCLUSION
Automated and visual CZT SPECT MPI quantification provide similar overall diagnostic accuracy when compared to coronary angiography. Automated quantification has the potential to support clinical reads by ''checking'' their results. Furthermore, combined supineprone stress imaging is needed for best diagnostic accuracy given its ability to greatly increase specificity.
